The metabotropic glutamate 1 receptors (mGluR1) have been shown to play a role in neuropathic pain and neurological and psychiatric disorders such as ischemia, epilepsy, anxiety, as well as schizophrenia and other cognitionrelated disorders. As a result, mGluR1 has been an important target for drug development. As a radiotracer-based in vivo imaging technique Positron Emission Tomography (PET) is an important tool in the investigation of receptor function in the living brain under normal conditions and its dysfunction in diseases, as well as in the study of receptor occupancy by experimental therapeutic agents. In this report we review the development and evaluation of PET radiotracers for mGluR1 and provide an assessment of the tracers that are likely to succeed in the imaging and quantification of mGluR1 in humans.
INTRODUCTION

The Glutamate Receptors
The endogenous ligand L-glutamate is a major excitatory neurotransmitter in the central nervous system (CNS) [1, 2] . Over the past three decades, glutamate receptors have been the focus of investigation on the pathophysiology of neurological and psychiatric disorders [3] . Two major types of receptors regulate glutamatergic neurotransmission in the brain, as defined by their mechanisms of activation and effect on postsynaptic current: ionotropic glutamate (iGlu) receptors, which form the ion channel pore that activates when glutamate binds to the receptor; and metabotropic glutamate (mGlu) receptors, which are coupled with heterotrimeric G-protein [4] . The mGlu receptors (mGluR) are composed of a family of eight receptor subtypes classified into three groups: group I (mGluR1 and 5), group II (mGluR2 and 3) and group III (mGluR4, 6, 7 and 8) [5] . This classification is based on the differences in receptor sequence homology, pharmacology, and signal transduction mechanism [6] .
Distribution of mGluR1 in the Brain and Involvement in CNS Disorders
Group I mGlu receptors (mGluR1 and 5) are mainly postsynaptic receptors that are activated by 3,5-dihydroxyphenylglycine (3, . Although mGluR1 was the first to be cloned among the mGluR family [7, 8] , investigation of its distribution in the brain was limited for a long time to in-situ hybridization or immunohistochemistry studies due to the lack of selective mGluR1 radioligands. 3 H]R214127 as a selective antagonist radioligand for mGluR1, which allowed the detailed mapping of the mGluR1 in the rat brain by quantitative autoradiography and radioligand binding assays in brain tissues [9, 10] . The mGlu1 receptors are widely distributed in the brain, with high concentrations in the cerebellum, midbrain, thalamus and hypothalamus, intermediate levels in the striatum, hippocampus and cortex, and negligible levels in the medulla. The mGluR1 has been shown to play a role in neuropathic pain and neurological and psychiatric disorders such as ischemia, epilepsy, anxiety, as well as schizophrenia and other cognition-related disorders [11] [12] [13] [14] . As a result, mGluR1 has been an important target for drug development [14, 15] .
In Vivo Imaging of mGluR1
As a sensitive, non-invasive molecular imaging technique, Positron Emission Tomography (PET) enables the study of biochemical interaction in the living brain and, in particular, specific proteins involved in pathophysiology. In addition to its applications in the investigation of a receptor's density distribution and changes under neurological and psychiatric conditions, PET can also be used to assess novel therapeutic agents for target engagement and correlation of target occupancy and therapeutic effects [16] [17] [18] [19] . Since mGluR1 has been implicated in a number of CNS disorders and targeted for drug development, there have been extensive search for effective PET imaging agents to investigate this receptor subtype in vivo.
In this review, we will survey the literature and describe the structure, synthesis, and characterization of PET imaging radioligands for mGluR1. Wherever available, in vivo imaging data will be compiled and appraised to gauge the potential of the radioligands for successful translation from preclinical to clinical applications.
REQUIREMENTS FOR A PET RADIOTRACER
PET imaging relies on the availability of specific radioligands or tracers that bind selectively to a target receptor in vivo. In order to be an effective PET tracer for imaging a CNS receptor, a radioligand has to meet a demanding set of requirements. These requirements have been recognized by seasoned practitioners in the tracer development field and widely discussed in the literature [20] [21] [22] . They include: 1) radiochemistry feasibility, i.e., the possibility of using a limited steps of chemical transformations to incorporate into the biologically active molecule a short-lived positron emitting radioisotope, most commonly carbon-11 (radioactive decay half-life (t 1/2 ) of 20.4 min) and fluorine-18 (t 1/2 = 110 min) for CNS applications; 2) ability to cross the blood-brain barrier (BBB), i.e., appropriate lipophilicity for facile brain entry and low propensity for efflux by membrane transporters on the BBB; 3) adequate binding affinity and selectivity for the target receptor; 4) reasonable metabolic profiles in vivo without production of radioactive metabolites able to enter the brain and complicate the interpretation of imaging data; 5) appropriate in vivo pharmacology, i.e., displaying specific and saturable tissue binding; 6) appropriate pharmacokinetic profile in the brain with reversible binding characteristics observed within the usable time window of the radioisotope; 7) acceptable toxicology profile with no toxicity associated with the administration of the tracer; and 8) adequate specific binding signals in vivo. Obviously, the ultimate goal of PET imaging tracer development is to meet the last requirement of providing adequate specific binding signals in vivo to allow the effective visualization and reliable quantification of the target. All the other requisite properties are there to ensure the realization of this goal.
Based on in vitro measurements of a receptor's density, B max , and a ligand's binding affinity to the target receptor, 1/K D , a numerical in vitro binding potential (BP), defined as BP = B max /K D , with a value of >10, has been advocated as the first order selection criterion to determine whether a ligand is able to provide measurable specific binding signal, and thus warranted to advance to in vivo evaluation [23, 24] . On the other hand, as illustrated by Eckelman et al. [25, 26] , in vitro guidelines as such are helpful in eliminating, in the early stage of tracer development, ligands that are likely to fail in vivo. However, they are not sufficient to predict the likelihood that a tracer will provide adequate specific binding signals in vivo, because experiments in vitro are conducted in an idealized (i.e. free of interfering factors) and well-controlled environment, whereas in the in vivo environment, a tracer's systemic pharmacokinetic and pharmacodynamic parameters, such as delivery, distribution, metabolism, clearance, and binding to plasma proteins all come into play to impact upon the ability of a tracer to exhibit a reliably measurable signal [25, 26] . Thus in the in vivo situation, a tracer's specific binding signal is best defined by the term BP ND , the specific to non-specific binding ratio at equilibrium, as in the equation below
Where f ND is the fraction of free ligand in the nondisplaceable tissue compartment, B avail is the concentration of a receptor available for binding to the tracer, K D is the tracer's equilibrium dissociation constant (inverse of binding affinity), f p is the tracer's free fraction in the plasma, and V ND is the distribution volume in the non-displaceable tissue compartment, as defined by Innis, et al. [27] .
As illustrated by Equation 1, BP ND , or the in vivo specific binding signal provided by a tracer, is determined by many factors. The concentration of the target protein in the region of interest, a tracer's binding affinity to the target, its free fraction in the plasma or brain tissue, and its binding to nontargets (non-specific binding, or non-displaceable binding) are all contributing factors. In summary, the density (B max ) of the target receptor in the brain determines the requisite affinity (1/K D ) of a ligand needed to visualize the targeted neuroreceptor, and the term "B max /K D " provides an initial roadmap for the selection of candidate ligands for PET imaging tracer development. More importantly, the term "f p /V ND ", which can be broadly referred to as non-specific, or offtarget binding, may be the deciding factor in the success or failure of a radioligand for in vivo imaging applications. [10, 28] . These regional B max values are listed in Table 1 . Using these B max values and a minimum B max /K D value of 10 for ligand selection, a K D value of < 5 nM is required for labeling mGluR1 in the cerebellum in all species, and a minimum K D of 2.6 nM is required for human cortex.
PET RADIOLIGANDS FOR THE mGlu1 RECEPTOR
In 2005, we reported the first PET radioligand for imaging mGluR1 in rats: [ 11 C]JNJ-16567083 (1) (Fig. 1 ) [29] . It was derived from a large series of selective mGluR1 antagonists with a substituted quinoline skeleton and structurally related to the radioligand [ 3 H]R214127 [9, 30] . The radiolabeling precursor was prepared through a 3-step procedure (Fig. 2) . Decay-corrected radiochemical yield was 47% at the end of synthesis (EOS, based on [ 11 C]MeI). Radioligand 1 was shown to possess high affinity towards the rat mGluR1 (K i = 0.87 nM), and about 3,000-fold selectivity over mGluR5. Ex vivo study showed high uptake in the cerebellum, striatum, hippocampus and frontal cortex. Binding of 1 in the cerebellum was reduced by 81% when the animals were pretreated with selective mGluR1 antagonists and remained unchanged during pretreatment with selective mGluR2 (LY341495) or mGluR5 (MPEP) antagonist, which clearly demonstrated the binding specificity and selectivity of this radioligand for mGluR1. In vivo micro-PET imaging experiments confirmed the specific binding in a living rat, and radioactivity entered the brain rapidly and localized to mGluR1-rich regions with peak uptake time of ~10 min.
We have also evaluated the F-18 labeled antagonist 2, a close structural analog of 1. Radioligand 2 was synthesized in 27% radiochemical yield (EOS, decay-corrected) through [
18 F]fluorination of the 2-chloroquinoline precursor (Fig. 2) . In initial binding assays 2 displayed high affinities for the cloned rat mGlu1a (one of the five variants of mGluR1, which differ in the length of C-terminal tail) receptor and rat cerebellum membrane homogenates (K i of 0.87 and 1.07 nM, respectively) [31] . Ex vivo biodistribution study in rats indicated the binding specificity and selectivity of 2 to mGluR1, despite the fact that its specific binding was lower than that of 1. However, when evaluated in non-human primates later, both 1 and 2 were found to display little specific binding in the brain. In order to understand the discrepancy in specific binding signals between rodents and non-human primates, further binding assays were carried out using cloned human mGluR1 with incubation at body temperature (37 °C). As it turned out, the binding affinities of these two ligands were much lower for human mGluR1, and further reduced when assayed at body temperature vs. at 4 °C ( Table 2 ). Due to this affinity differences between species and temperatures, we concluded that radioligands 1 and 2 were not suitable for in vivo imaging of mGluR1 in primates.
A few years of inactivity ensued after the disclosure of the first attempt at developing a selective mGluR1 PET radioligand, then in 2010 Yanamoto et al. reported the synthesis and evaluation of [
11 C]YM-202074 (3), in a structural skeleton completely different from that of 1 and 2, with a benzoimidazoline ring fused with thiazoline ( Fig. 1) [32] . Radiosynthesis of [ 11 C]YM-202074 was accomplished in 7.4% radiochemical yield (based on [ 11 C]CO 2 at end of bombardment) by reaction of the secondary amine precursor with [ 11 C]MeI (Fig. 3) . This ligand possessed nanomolar binding affinity (K i = 4.8 nM) and good selectivity, as well as suitable lipophilicity (log D of 2.7) ( Table 2) . Autoradiography studies in vitro and ex vivo indicated that it bound to mGluR1. However, in PET imaging experiments in rats it displayed low brain uptake, low specific binding and a distribution pattern inconsistent with the regional densities of mGluR1. Apparently it cannot serve as a useful tracer. Given the high binding affinity and optimal lipophilicity of this radiotracer, these in vivo results were somewhat unexpected and might be attributed to the rapid metabolism of the ligand and entry of radioactive metabolites into the brain. Indeed, in metabolism studies in mice only ~5% of the parent tracer remained in the plasma at 30 min post-injection. Further, at the same time point the parent tracer accounted for only ~50% of the radioactivity in the cerebellum, and ~10% in the rest of the brain.
Another PET radioligand for mGluR1, [ 11 C]MMTP (4) (Fig. 1) , was reported in 2010 by Prabhakaran et al. [33] . This ligand also had nanomolar affinity (K i = 7.9 nM) and selectivity of >1,000 times for mGluR1 over mGluR5 ( Table 2 ). Ligand 4 was prepared from reaction of the phenol precursor and [ 11 C]methyl triflate in 30% radiochemical yield (EOS, based on [ 11 C]MeOTf) (Fig. 3) . Phosphor imaging autoradiography was performed in postmortem human brain slices and indicated the ability of 4 to label mGluR1 in vitro. PET imaging study in a baboon revealed fast uptake and clearance in the brain with a higher concentration of radioactivity in the cerebellum relative to other regions. However, it was not clear whether the binding in the cerebellum was specific, as no blocking study was performed. No further characterization of this radiotracer has been reported since.
In 2009 Merck research laboratories reported in abstract form the preparation of [
18 F]MK-1312 (5) for use in receptor occupancy study of an experimental drug [34] . A full report on this radioligand and a close analog (6) was published in 2011 ( Fig. 1) [35] . The radioligands 5 and 6 (IC 50 of 3.6 and 2.6 nM, respectively, for human mGluR1 in functional assays) were derived from a large series of potent and selective mGluR1 ligands sharing a pyridinyltriazole core structure [36] . The radiolabeling precursors for 5 and 6 were obtained from a 4-step synthesis, and radiosynthesis was carried out with the 2-chloropyridinyltriazole precursors and [
18 F]fluoride under microwave heating conditions, with F-18 incorporation yield of 46% and 58%, respectively, for 5 and 6 based on HPLC analysis of the crude reaction products (Fig. 4) . Evaluation of the ligands was performed in rhesus monkeys and PET scans indicated a good brain penetration and accumulation of both tracers with the highest uptake in the cerebellum, followed by the thalamus and striatum, in a pattern consistent with the distribution of mGluR1. Table  1 . Based on the measured B max and K d values, B max /K d ratios are 98 and 24, respectively, for human cerebellum and cortex, which is >10, a threshold thought to predict the likelihood of a tracer to give reliably measurable specific binding signal in vivo. Hence, 5 may be the first PET tracer suitable for the imaging and quantification of mGluR1 in humans. However, evaluation of 5 in humans has not been reported.
Compounds with the aryltriazole core structures and pioneered by the Merck group were further explored as PET radioligands to image the mGluR1. Among these FTIDC (7, Fig. 1) , with an IC 50 of 5.8 nM for human mGluR1, was labeled with F-18 and evaluated in rodents. Ligand 7 showed high accumulation and specific binding in the thalamus, cerebellum and hippocampus, and thus was claimed to be a promising radioligand for the visualization of mGluR1 [37] . However, results were only disclosed in an abstract form and full details of its in vivo evaluation were not available.
Another two ligands from the same aryltriazole chemical scaffold, [ 18 F]FPTQ (8) and [ 18 F]FPIT (9) (Fig. 1) , were also synthesized and evaluated [38, 39] . Three main fragments: triazole, pyridine and quinoline were brought together through Diels-Alder cycloaddition and Stille coupling with organotin to form the target compounds. Radiolabeling was effected by conventional heating of the 2-bromopyridinyltriazole precursor in DMSO with K 18 F (Fig. 5) . Decaycorrected radiochemical yield was 69% at EOS for 8. Radioligand 8 was shown to have high in vitro binding affinity, with IC 50 of 3.6 and 1.4 nM, respectively, for human and mouse mGluR1. PET imaging in rats indicated that 8 displayed regional time activity curves similar to those of [ 11 C]JNJ-16567083 (1), with fast uptake and clearance [29, 38] . Self-blocking with unlabeled FPTQ (1 mg/kg) or JNJ-16259685 (1 mg/kg), a selective mGluR1 antagonist, resulted in a homogeneous distribution pattern, while blocking with the mGluR5 antagonist MPEP had no effect, which indicated specific and selective binding of the tracer to mGluR1 in the rat brain. Ligand 8 metabolized rapidly in plasma, with only 4% of parent compound remaining at 30 min post-injection. Further, there appeared to be presence of radioactive metabolites in the rat brain. At 30 min postinjection, parent tracer accounted for 67% of the radioactivity in the cerebellum, and only 34% in the rest of the brain. Given the small specific binding signals in the rat brain, which is at least attributable in part to the presence of radioactive metabolites, there is little prospect for 8 to be a suitable radioligand to image mGluR1 in humans.
Compound 9 (Fig. 1) in its unlabeled form, with IC 50 of 5.4 nM for human mGluR1, was first reported by Merck [28, 36] . Fujinaga et al. reported the synthesis of 9 in 58% decaycorrected radiochemical yield from its 2-bromopyridinyltriazole precursor (Fig. 5) , since named [
18 F]FPIT, and evaluated it in rats and rhesus monkeys [39] . In the rat brain [
18 F]FPIT (9) displayed appropriate kinetics and differential uptake among regions in a pattern consistent with the distribution of mGluR1. Further, similar to 8, its binding appeared to be specific and selective to mGluR1, as pretreatment with unlabeled FPIT or JNJ-16259685 resulted in homogeneous uptake among all brain regions, while pretreatment with MPEP had no effect. Specific binding levels appeared to be high, with peak region of interest (ROI) to medulla uptake ratios of about 3 and 2, respectively, for the cerebellum and thalamus. However, when tested in rhesus monkeys, 9 displayed slow uptake kinetics and spurious binding, as pretreatment with JNJ-16259685 resulted in incomplete blockade of specific binding. Given that self-blocking in rhesus monkey resulted in homogenous regional uptake, and the presence of a small amount of radioactive metabolite (~11% at 90 min post injection) in the rat brain, it was suspected that similar radioactive metabolite(s) might have entered the monkey brain and bound to targets other than mGluR1, which contributed to the incomplete blockade of specific binding by the selective mGluR1 antagonist JNJ-16259685. Consequently, 9 does not constitute a promising ligand to image mGluR1 in humans.
In 2009, Satoh et al. reported the discovery of a new class of compounds as potent and selective mGluR1 antagonists, with a central thiazole ring substituted at the 2-position with a substituted benzamide and at the 4-position with substituted pyrimidine [40] . Following this report, Yamasaki et al. took one of the most potent and selective compound (IC 50 = 5.1 nM for mGluR1 and >1,000 selectivity over mGluR2, 5, and 8) and labeled it with F-18 to produce radioligand [
18 F]FITM (10, Fig. 1 ) in 14% decay-corrected radiochemical yield (EOS) from the 4-nitrobenzamide precursor (Fig. 6 ) [41] . This radioligand was subsequently evaluated in vivo in rats and rhesus monkeys [42, 43] . In rats, 10 displayed slow uptake kinetics and a distribution pattern consistent with mGluR1. Binding specificity and selectivity was established by blocking studies with unlabeled FITM, JNJ-16259685 and MPEP. Strong regional specific binding was demonstrated with ROI to pons uptake ratios of about 8 for the cerebellum and 3 to 5 for the thalamus, hippocampus, striatum and cingulate cortex. Ligand 10 displayed a moderate rate of metabolism with 30.5% of parent fraction in the rat plasma at 30 min post-injection and the presence of two polar metabolites. In the rat brain one radioactive metabolite was detected, but it represented < 5% of the total activity at all time points until the end of the PET scan (120 min), i.e, > 95% of the radioactivity corresponding to the parent tracer.
In rhesus monkeys 10 metabolized at a rate similar to that in rats, with 36.4% of parent fraction remaining at 30 min post-injection and the appearance of two radioactive metabolites in the plasma. In the brain 10 displayed slow kinetics, with little appreciable washout in all regions in the 90 min imaging window. Peak ROI to pons uptake ratios were >3 for the cerebellum, >2 for the cingulate cortex, and 1.5-2 for the thalamus, hippocampus, caudate and putamen. Kinetic parameters were derived with the 2-tissue compartment (2TC) model and Logan graphical analysis. Regional volume of distribution (V T ) values calculated from 2TC analysis were 11.5, 6.0, 5.1, 4.6, 3.4, 3.3 and 2.4 mL/cm 3 for the cerebellum, cingulate cortex, thalamus, hippocampus, putamen, caudate and pons. Given its performance in rhesus monkeys, 10 appears to have the potential to become a promising radioligand for imaging mGluR1 in humans with reliably detectable specific binding signals. However, no report has been published on the evaluation of 10 in humans.
Even though promising results were obtained for 10, its radiosynthesis was low yielding and purification difficult due to the poor stability of the 4-nitrobenzamide precursor under the reaction conditions. Hence, the same group sought to synthesize and evaluate close structural analogs of 10 with C-11 labeling. Ligand [ 11 C]ITMM (11, Fig. 1) , with a methoxy group at the 4-position of the benzamide instead of a fluorine, displayed lower mGluR1 affinity than 10 (Ki of 12.6 nM for 11 vs. 5.4 nM for 10), but retained high selectivity over mGluR5 (IC 50 > 10,000 nM) [44] . The reference compound and radiolabeling precursor for 11 were prepared in 5 or 6 synthetic steps, respectively, from 4,6-dichloropyrimidine [44] . Radioligand 11 was readily prepared in good radiochemical yield (22% from [ 11 C]CO 2 , decay-corrected) and high specific activity (95-140 GBq/ mol, EOS) from its desmethyl precursor and [
11 C]MeI (Fig. 6 ).
Two radioligands with 4-[
18 F]fluoroalkoxy group on the benzamide were also prepared and evaluated along with 11, but these two F-18 labeled ligands displayed very low affinity for mGluR1 and homogeneous distribution of radioactivity in the rat brain. In PET imaging experiments in rats the radioligand 11 showed high concentration in the brain, with standard uptake value (SUV) of 2.5 to 3.5 in the cerebellum, thalamus and striatum. Regional specific binding appeared to be high, with peak ROI to pons uptake ratios of 7.0, 5.1 and 4.3, respectively, for the cerebellum, thalamus and striatum. Uptake kinetics was slow, but appreciable washout was observed in all brain regions in the 90-min scan window. Binding specificity and selectivity were demonstrated by blocking studies with the unlabeled parent compound and a selective mGluR1 antagonist (JNJ-16259685, 1 mg/kg each), which resulted in uniformly low uptake in all brain regions. Further studies in wild-type (WT) and mGluR1 knock-out (KO) mice confirmed specific and selective binding of 11 to mGluR1 in the brain, as regional uptake pattern in WT mice was similar to that in the rat brain, while uptake in the KO mice was low and uniform. Recently a first-in-human imaging study was conducted for 11 in one 27-year old male subject [45] . In human, 11 metabolized slowly in the plasma, with 66% and 61% of parent fraction remaining at 30 and 60 min postinjection. Brain uptake was relatively low, with peak SUV of 1-2 among regions, and uptake kinetics was very slow, with a continuing rise of activity in the cerebellum, and little washout in other brain regions in the 90-min scan. Regional time-activity curves were analyzed using a 2-tissue compartment model and the metabolite-corrected arterial plasma concentration curve as input function. Distribution volumes (V T ) were estimated to be 2.7 and 1.1 mL/cm 3 for the cerebellum and thalamus, 0.9, 0.8, 0.7, 0.6 mL/cm 3 for the temporal, parietal, frontal, and occipital cortex; and 0.5 mL/cm 3 for the caudate/putamen. However, given the slow uptake kinetics, it is not clear how reliably these V T estimates are, and how long a scan may be needed in order to achieve stable estimates of regional V T .
Replacing the 4-methoxy with 4-methyl group in 11, a third tracer 12 from this series was prepared using the tributyltinbenzamide precursor in a palladium-catalyzed Stille coupling reaction with [ 11 C]MeI (Fig. 6) . Radiochemical yield of 12 was 19% at EOS (decay-corrected and based on [ 11 C]CO 2 ). Binding affinity and selectivity of 12 (K i = 13.6 nM for mGluR1, IC 50 > 10,000 nM for mGluR5) was similar to 11. Metabolite analysis indicated a minimal presence of radioactive metabolites in the rat brain, with 94 to 98% of radioactivity representing the parent tracer at all time points, while the parent fraction in the rat plasma decreased to 68%, 48%, 39% and 34% at 5, 15, 30 and 60 min post-injection. In monkeys ligand 12 metabolized at a rate similar to that in rats, with 36 and 28% of parent fraction remaining in the plasma at 30 and 60 min post-injection. Monkey brain uptake of 12 was relatively low, with peak SUV of 0.6 to 1.3 among regions, which were lower than those for 10. Timeactivity curves indicated that the tracer displayed an appropriate kinetics, with clearly defined uptake, peak, and clearance phase in all regions. Pretreatment of the monkeys with the parent compound (1 mg/kg) and a selective mGluR1 antagonist (JNJ-16259685, 3 mg/kg) resulted in homogeneous distribution of radioactivity in all brain regions, an indication of the tracer's binding specificity and selectivity in the monkey brain. Logan reference method was used to derive distribution volume ratios (DVR) with the area under the curve in the blocking scan as an estimate of nondisplaceable binding.
DVR was 4.3, 2.6, 2.0, 1.8, and 1.5, respectively, for the cerebellum, cingulate cortex, thalamus, hippocampus, and caudate/putamen.
Finally, the isothiazole derivative [ 11 C]LY-2428703 (13) was recently prepared and evaluated as a potential PET tracer for mGluR1 [46] . Ligand 13 displayed an IC 50 of 8.9 nM for mGluR1 in functional assays and modest selectivity over mGluR5 (IC 50 = 118 nM). PET imaging experiments in rats indicated a rapid uptake and washout in the brain, with peak cerebellum/forebrain uptake ratio of ~2, similar to that of 1. Binding specificity was demonstrated by blocking experiment with an mGluR1 antagonist. However, the small specific binding signal displayed by this tracer in rat does not foretell a possibility for it to image mGluR1 in humans.
DISCUSSION
Over the years a number of potent and selective ligands have been investigated as potential PET radiotracers for imaging mGluR1 in vivo. None of the early tracers, 1-4 ( Fig. 1) , appears to have the requisite properties to become useful tracers to image the mGluR1 in humans, due to their limited specific binding signals in vivo. For radiotracers coming out of the aryltriazole scaffold (5-9, Fig. 1) , [ 18 F]MK-1312 (5) holds promises as a useful mGluR1 tracer in humans, even though its characterization in humans has not been reported. The most recent addition to the potential mGluR1 radiotracer, [ 11 C]LY-2428703(13), also seems to hold little prospect to become a useful imaging agent in humans, given its limited specific binding signals in rats. Hence, within the current collection of mGluR1 radioligands, those derived from the thiazolylbenzamide core structure, 10-12, constitute some of the strong contenders for an effective PET imaging agents for mGluR1 in humans. Among these three tracers, [ 18 F]FITM (10) displays slow uptake kinetics, along with high specific binding in regions of the rat and monkey brain. Further advance of this tracer to humans appears to have been abandoned due to chemistry difficulties, i.e., it is difficult to produce the radiotracer in high yield and purity. Tracer [ 11 C]ITMM (11), when evaluated in rats, displays uptake kinetics somewhat faster than that of [ 18 F]FITM (10), and excellent binding specificity and selectivity. However, when evaluated in a male human subject its uptake kinetics in the cerebellum appears to be irreversible within the 90 min scan window, and very slow in other brain regions. Hence, it may prove difficult to derive reliable kinetic parameters of this tracer within a reasonable scan time (90-120 min) for a C-11 ligand. As for the latest tracer from the thiazolylbenzamide scaffold, 12, it displays a regional kinetic profile similar to that of [ 18 F]MK-1312 (5) in rhesus monkey, with clearly defined uptake, equilibrium and washout phases within the 90 min scan window. Qualitative assessment of regional specific binding signals also reveals similarity between these two tracers. Uptake levels are higher for [ 18 Affinities for mGluR1 and lipophilicity values of all the radiotracers are listed in Table 2 . A survey of the data reveals that, based on the tracer selection criterion of B max /K D of at least 10 (see above), all tracers are deemed able to provide some measure of specific binding in the rat cerebellum, due to the extremely high level of mGluR1 in this brain region ( Table 1) . This is borne out by experimental data. However, tracers 1-4, 7-8, and 13 are inadequate for imaging mGluR5 in higher species, either from actual experimental data in non-human primates, or prediction based on observation of low specific binding signals in rodents. The failure of these radiotracers may be ascribed to a combination of relatively low target affinity, high lipophilicity, and/or the presence of radioactive metabolites in the brain. Two tracers (5 and 6) from the aryltriazole class of compounds and three (10) (11) (12) from the substituted thiazolylbenzamide class emerge as PET imaging agents able to produce adequate binding signals in the primate brain. Interestingly, it is from these seemingly success stories that some of the glaring in vitro-in vivo inconsistencies are also revealed. For example, tracers 11 and 12, with in vitro K i of 12.6 and 13.6 nM, respectively, in radioligand competition assays with rat brain homogenates, are calculated to have B max /K D values of only 4.2 and 3.6 for the monkey cerebellum, far below the threshold of 10 as advocated by Hostetler et al. [28] , assuming that their in vitro K i values in monkey are similar to those in rat. Hence, they are not predicted to be able to provide high specific binding signals in the primate brain. However, these two tracers actually produce some of the highest binding signals in the primate brain (monkey and human) among the existing ligands. Apparently, the in vivo mGluR1 affinities of these two tracers may be much higher than those assayed in vitro. These differences between in vitro and in vivo affinities are not unusual. For example, the in vitro K i of mGluR1 tracer [ 18 F]FITM (10) is 5.4 nM, measured in radioligand competition binding assays using rat brain homogenates [44] , but its in vivo K d is 1.5 nM in the striatum and cingulate cortex, and 2.1 nM in the hippocampus and thalamus, as derived from PET imaging studies in rats [42] . That is, the in vivo affinity of [ 18 F]FITM (10) in the rat brain is 2.6 to 3.6 times higher than that measured in vitro. This same scenario can happen with tracers 11 and 12. However, in the absence of experimental data, it is not clear whether the discrepancies arise from the affinity differences between in vitro and in vivo, or between species, as in vitro binding affinities of 11 and 12 were only measured in rat brain homogenates. Determination of in vitro affinities of these two ligands in radioligand competition assays using non-human primate tissue homogenates or cloned human mGluR1 will help clarify the situation. An even more definitive answer can be provided with derivation of in vivo binding affinities from PET imaging experiments in non-human primates.
Past experience in mGluR1 PET tracer development has indicated that results obtained from rodent studies are poor indicator of a ligand's potential to image and quantitate mGluR1 in humans. This is not surprising, given the substantial species differences in mGluR1 densities ( Table 1) and ligand binding affinities ( Table 2) . Therefore, it is our opinion that emerging ligands should be evaluated in vitro for binding affinities in radioligand competition assays using cloned human mGluR1, and in vivo with PET imaging experiments in non-human primates as soon as possible. Data from these experiments are likely to provide more valid parameters to predict a tracer's success in human, and hence facilitate the advancement of optimal PET tracers to the clinics.
CONCLUSION
The metabotropic glutamate receptor mGluR1 has been implicated in a variety of neuropsychiatric disorders and hence an important target for drug development. As such efforts have been directed toward the development of specific mGluR1 PET radiotracers for use in receptor occupancy studies of experimental therapeutic agents. A number of selective mGluR1 ligands have been prepared and evaluated since early 2000. Initial attempts produced no suitable agents for use in humans. However, in the last two years a few agents have emerged as viable PET ligands for imaging the mGluR1 in humans. Available data indicate that both [
18 F]MK-1312 (5) and 12 display appropriate brain tissue kinetics with well defined phases of uptake, equilibrium and washout, differential uptake among brain regions, and adequate specific binding signals in non-human primates. As regional mGluR1 concentrations in the brain appear to be higher in humans than non-human primates ( Table 1) , we predict that these two radiotracers will prove to be suitable mGluR1 PET imaging agents in humans. The availability and application of mGluR1 PET tracers in humans will make it possible to investigate the involvement of this receptor subtype in neurological and psychiatric disorders, and to probe the dose-receptor occupancy relationship of emerging drugs targeting the mGluR1.
